We have fabricated a centimeter-size singlelayer graphene device with a gate electrode, which can modulate the transmission of terahertz and infrared waves. Using time-domain terahertz spectroscopy and Fouriertransform infrared spectroscopy in a wide frequency range (10−10 000 cm −1 ), we measured the dynamic conductivity change induced by electrical gating and thermal annealing. Both methods were able to effectively tune the Fermi energy, E F , which in turn modified the Drude-like intraband absorption in the terahertz as well as the "2E F onset" for interband absorption in the mid-infrared. These results not only provide fundamental insight into the electromagnetic response of Dirac fermions in graphene but also demonstrate the key functionalities of large-area graphene devices that are desired for components in terahertz and infrared optoelectronics.
T he ac dynamics of Dirac fermions in graphene have attracted much recent attention. The influence of linear dispersions, two-dimensionality, electron−electron interactions, and disorder on the dynamic conductivity, σ(ω), has been theoretically investigated, 1−11 whereas unique terahertz (THz) and mid-infrared (MIR) properties have been identified for novel optoelectronic applications. 12−17 For example, it has been predicted that the response of Dirac fermions to an applied ac electric field of frequency ω would automatically contain all odd harmonics of (2n + 1)ω, where n is an integer, implying extremely high nonlinearity. 13, 14 Furthermore, creation of electrons and holes through interband optical pumping is expected to lead to population inversion near the Dirac point, resulting in negative σ(ω), or gain, in the THz to MIR range; 12,17 photoinduced femtosecond population inversion has recently been observed in the near-infrared range. 18 While initial experimental investigations on graphene have concentrated on dc characteristics, these recent theoretical studies have instigated a flurry of new experimental activities to uncover unusual ac properties. A number of experiments have already confirmed the so-called universal optical conductivity σ 0 = e 2 / 4ℏ (e, electronic charge and ℏ, reduced Planck constant) for interband transitions in a wide spectral range. 19 −22 On the other hand, experimental studies of the intraband conductivity have been limited, 22−27 except for successful cyclotron resonance measurements to probe Landau levels in magnetic fields (for a review, see, e.g., ref 28.) .
Intraband absorption is expected to increase as the Fermi energy, E F , moves away from the Dirac point in either direction (p-type or n-type). On the other hand, interband absorption is possible only when the photon energy is larger than 2E F (if the temperature, T, is zero). 1 Thus, spectroscopic studies with a tunable carrier concentration should provide a precise determination of the location of the Fermi level, while at the same time the capability of tuning the type and concentrations of charge carriers in graphene is desired for many electronic and optoelectronic applications. Substitution of carbon atoms in graphene by nitrogen and boron has been attempted, but this dramatically decreases the mobility by breaking its lattice structure; physically adsorbed molecules can also dope graphene, but this is not a very controllable method. Therefore, applying a controllable gate voltage to graphene to transfer carriers from a doped silicon substrate is the most commonly employed method for tuning E F . By utilizing applied gate voltages, different groups have observed tunable interband optical transitions, 21, 29 tunable intraband far-IR conductivity, 23,26,27 and a systematic G-band change with gate voltage in Raman spectra. 30, 31 Here, we describe our THz and MIR spectroscopy study of large-area (centimeter scale), single-layer graphene with an electrically tunable Fermi level. In a field-effect transistor configuration consisting of graphene on a SiO 2 /p-Si substrate, the transmitted intensity of THz and MIR electromagnetic waves was observed to change with the gate voltage. The Drude-like intraband conductivities and the "2E F onset" of the interband transitions, monitored through time-domain THz spectroscopy (TDTS) and Fourier-transform IR (FTIR) spectroscopy, respectively, were both modulated by the gate voltage. By analyzing the spectral shape of the induced changes with appropriate models, we were able to determine the Fermi energy and scattering time as a function of gate voltage. In addition, thermal annealing under vacuum, which removes adsorbed dopant molecules, was also observed to shift the Fermi energy toward the Dirac point dramatically.
Because of the long characteristic wavelengths in THz and MIR spectroscopy, large-area samples were required for this study, as opposed to more commonly used small flakes of graphene obtained through exfoliation of graphite. Our samples were grown from a solid-state carbon source, 32 poly(methyl methacrylate) (PMMA) in the present case. 33 A thin copper foil of centimeter scale was spin coated with PMMA and then placed in the growth furnace. At a temperature between 800 and 1000°C, a reductive H 2 /Ar gas flow was introduced under low-pressure conditions, and after ∼10 min a single uniform layer of large-area graphene was formed. A CuSO 4 /HCl acid was then used to etch away the copper foil, and the remaining free-standing graphene/PMMA layer was transferred onto a lightly doped p-type silicon wafer (5−10 Ω-cm) with a 300 nm thick SiO 2 layer. Subsequently, the PMMA layer was dissolved away by soaking the entire sample in acetone. Finally, we put gold electrodes on the four corners of the ∼8 mm × 8 mm graphene film and on the back side of the Si substrate (see Figure 1 ). The THz/IR wave was normal incident onto the sample, and the transmitted wave was detected and recorded as a function of gate voltage.
In the 0.1−2.2 THz (5−70 cm −1 ) range, we used a typical TDTS system. 34, 35 A Ti/Sapphire femtosecond laser worked as the light source to provide ∼150 fs wide pulses of ∼800 nm radiation at a repetition rate of 75 MHz. A (110)-oriented ZnTe crystal was used to generate coherent THz radiation via optical rectification, and a low-temperature-grown GaAs photoconductive antenna was used to detect the coherent THz radiation. In the 3−300 THz (100−10000 cm −1 ) range, we used a commercial FTIR spectrometer (JASCO FT/IR-660 Plus). As Figure 1 schematically shows, the transmission of THz/IR waves was controlled by electrically tuning the Fermi level of graphene via the gate voltage (V g ). A dc voltage supply was connected between one electrode on graphene and the p-Si substrate, and a lock-in amplifier was used at the same time to monitor the dc conductance/resistance of graphene. Figure 2a shows gate-voltage-dependent, transmitted THz waveforms in the time domain, and the signal near the peak is expanded in Figure 2b ,c. At V g = +30 V, maximum THz transmission is observed, indicating that the Fermi energy at this gate voltage is closest to the Dirac point. At all other voltages above and below +30 V, the THz transmission decreases monotonically with V g , as shown in Figure 2b ,c. Figure 2d shows the spectrally integrated power of the transmitted THz beam versus V g (blue circles), demonstrating that V g = +30 V ( V 0 ) is indeed closest to the Dirac point, and the unbiased (0 V) point (dashed line) is on the p-side. The dc resistance, measured in situ, is also plotted in Figure 2d (red solid trace), showing similar gate dependence to the transmitted THz power.
After Fourier-transforming the time-domain THz data, we obtained the corresponding transmittance spectrum T(ω) in the frequency domain while treating the spectrum taken at V g = V 0 = +30 V as the reference. Using standard analysis methods appropriate for thin conducting films, 36 the two-dimensional (2D) THz conductance of the graphene sample [or, more precisely, the conductance difference between the two voltage conditions, Δσ(ω,V g ) = σ(ω,V g ) − σ(ω,V 0 )] was extracted as a function of frequency, as shown for three representative gate voltage values in Figure 3a . The conductance is seen to decrease with increasing frequency throughout the range of 0.3−2.1 THz (10−70 cm −1 ). Here, the THz data is combined with FTIR data taken at higher frequencies (100−600 cm −1 ), for which Δσ(ω,V g ) was obtained through T(ω,V g ) = {1+ [(πα)/(1 + n sub )][Δσ(ω,V g )/(σ 0 )]} −2 . Here T(ω,V g ) is the ratio of the transmitted signal intensity under a gate voltage to that taken at V g = V 0 , α is the fine structure constant (= 1/137), 
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Also shown in Figure 3a are theoretical fits to the data (dashed lines) to deduce the Fermi energy (E F ) and scattering rate (γ) using 15
where k B is the Boltzmann constant and T is the temperature (= 300 K in our experiments). As |V g − V 0 | increases, E F moves away from the Dirac point, and as a result the overall conductance increases. The extracted values for ΔE F = E F (V g ) − E F (V 0 ) are −252, −78, and +31 meV, respectively, for the three spectra shown, where the negative (positive) values indicate p-type (n-type). The obtained value for γ is ∼2 × 10 13 s −1 (or a scattering time of ∼50 fs), which agrees with the value we obtained for the same type of graphene samples from highfield MIR cyclotron resonance measurements 37 and does not change significantly with the gate voltage. Information on the Fermi energy can also be obtained via analysis of IR spectra, where the 2E F onset sensitively changes with the gate voltage, 21, 23 as shown in Figure 3b . Here, Δσ inter (ω,V g ) = σ(ω,V g ) − σ(ω,V 0 ) is plotted for various values of V g in the 1200−9200 cm −1 range. Each spectrum is fitted with 15
(2) as shown by the dashed lines, where Γ is the broadening factor (i.e., dephasing rate) for interband transitions (assumed to be independent of photon energy and Fermi energy). E F (V g ) can be determined by fitting the rise of Δσ inter (ω,V g ) with increasing frequency on the high-frequency side using eq 2. On the other hand, the rise of Δσ inter (ω,V g ) with decreasing frequency on the low-frequency side of each spectrum can be interpreted as the contribution of residual carriers at nominally the Dirac point voltage (V g = V 0 = 30 V), which is likely due to the existence of electronlike and holelike puddles. Our analysis suggests that this residual E F (V 0 ) value is ∼175 meV. Another independent method for determining E F from the MIR spectra is to use the fact that 21, 23 
(3)
This simple equation allowed us to deduce E F versus V g as shown in Figure 3c , which summarizes the gate dependence of the Fermi energy obtained through four different methods: (i) fitting Δσ intra (ω,V g ) in the THz by eq 1, (ii) fitting Δσ inter (ω,V g ) in the MIR by eq 2, (iii) applying eq 3 to the MIR data, and (iv) using a simple capacitor model 29
where v F = 1 × 10 6 m/s is the Fermi velocity of Dirac fermions in graphene, α 0 ≈ 7 × 10 10 cm −2 V −1 for our device, and V 0 = 30 V. There is overall agreement between values obtained through different methods. One can see from Figure 3c that there is a strong asymmetry between the hole response and electron response. While the electrons and holes in graphene (away from the K-point and the Dirac cone) do show differences in their band structures, the Fermi energies are not high enough for this to be a band structure effect. This asymmetry could be due to induced carriers on the silicon side of the silicon oxide layer, which we did not take into account in this study, or due to different scattering lifetimes between electrons and holes induced, for example, by trapped charges in the oxide layer. Finally, we also studied Fermi level tuning in a different but similar sample by thermal annealing, which was monitored through TDTS and FTIR spectroscopy. Transmittance spectra were obtained by ratioing the transmitted signal through the graphene/substrate sample to that obtained for a reference silicon substrate with the same thickness. The real part of the 2D conductance σ′(ω) was then extracted, as shown in Figure  4a . Through the same theoretical fitting procedure as above, we determined γ and E F to be ∼2 × 10 13 s −1 and −354 meV, respectively. We then annealed the sample at 200°C under vacuum for 30 min to remove adsorbed water and oxygen molecules. Data taken immediately after annealing (red solid line), together with its theoretical fit (red dashed line), show a significant reduction of the Drude-like intraband component, as compared with the preannealed case (blue solid line and blue dashed line). The result demonstrates that after annealing the Fermi level moved toward the Dirac point to a value of −170 meV from an initial value of −354 meV. This value of E F after annealing (−170 meV) is very similar to the value we obtained for E F (V 0 ) in the other sample, suggesting that this type of residual value of E F is typical for a large-area graphene sample, likely due to the existence of spatially inhomogeneous distributions of electrons and holes.
Environmental change can also add or reduce the physically adsorbed dopants of graphene and then shift its Fermi level. A systematic electrical gating experiment on the same graphene device was performed, and the results are shown in Figure 4b . When the graphene sample was exposed to air, the Dirac point was observed at ∼+80 V, as the blue line shows, which corresponds to the highest p-doping; after being put into a sealed box with a constant dry N 2 flow for 1 h, the Diract point voltage shifted to ∼+30 V, similar to that for our TDTS experiment with the same environment. Next we placed the sample in a vacuum chamber and under continuous pumping we observed the Fermi level to gradually move toward the Dirac point. 38, 39 Finally, after vacuum pumping for 2 days the Dirac point voltage moved to a value <+20 V, as the turquoise line shows.
In conclusion, we have studied the transmission properties of large-area graphene films in the THz and IR range. By applying an external gate voltage, we were able to electrically tune the Fermi level of graphene, which in turn modulated the transmission of THz and IR waves. In addition, thermal annealing was used to move the Fermi level toward the Dirac point. The intraband conductivity in the THz range exhibited Drude-like frequency dependence with Fermi-energy-dependent magnitude. These results provide fundamental insight into the unique ac response of Dirac fermions in graphene, while, at the same time, demonstrating promising functionalities of largearea graphene devices for critical components in terahertz and infrared applications. Together with single-wall carbon nanotubes, 34,35,40−42 graphene thus provides a promising lowdimensional platform for carbon-based optoelectronics.
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